Abstract As the power available in the initial phase of the ITER operation will be limited, accessing the high confinement mode (H-mode) with low heating power will be a critical issue. In the recent experiment on EAST, the H-mode was obtained for the first time with lower hybrid current drive (LHCD) wave only. Reciprocating Langmuir probe measurements at the outer midplane showed that the electron density ne and electron temperature Te in the scrape-off layer (SOL) were significantly reduced in the ELM-free phase, resulting in the increase of lower-hybrid wave (LHW) reflection. It was found that the power loss P loss was comparable during the L-H transition, by comparing the adjacent L-mode and H-mode discharge. The Dα emission, Te and ne decreased rapidly in the time scale of about 1 ms, and the radial electric field Er turned positive in this process near the last closed flux surface. Multiple L-H-L transitions were observed during a single shot when the applied LHW power was marginal to the threshold. The floating potential (V f ) had negative spikes corresponding with the Dα signal, and Er oscillation evolved into several intermittent negative spikes just before the L-H transition. In some shots, dithering was observed just before the L-H transition.
Reciprocating Probe Measurements of L-H Transition in LHCD H-Mode on EAST

Introduction
Attempts to characterize and understand the physics of the L-mode to H-mode transition have been the forefront of tokamak physics studies since the H mode was discovered in 1982 [1, 2] . It has been generally considered that the H-mode is the baseline operational scenario for ITER [3] . Accessing the H-mode with heating power as low as possible is a critical issue. Since the physics of the L-H transition are not fully understood yet, the H-mode threshold in ITER is still uncertain. So far L-H transition has been observed in many magnetic configurations and under a variety of edge conditions. To date, H-modes have mostly been obtained with neutral beam injection, ion cyclotron heating, electron cyclotron heating, or Ohmic heating; however, limited data exists on the H-mode with a lower hybrid current drive (LHCD) only. The LHCD has produced dithering ELMy H-modes on JET in single null divertor plasmas [4] and ELM-free H-modes on JT-60 in limiter plasmas [5] . The earliest theories attributed the L-H transition to an increase in the edge negative radial electric field (E r ), the so-called 'mean E × B flows'. The most recent theories revealed a crucial role of timevarying E r , i.e., the so-called 'zonal flows', in triggering the transition by lowering the power threshold [6, 7] .
Zonal flows are, first and foremost, plasma eigenmodes, albeit modes which are linearly stable. In the case of the linear response of the plasma to a low frequency electric field perturbation which is constant on the magnetic surface, this corresponds to the m = n = 0 component, where m and n are the poloidal and toroidal mode numbers, respectively. Two relevant regimes are explained. One is the slowly varying response, where the perturbation is called zonal flow. The plasma response is incompressible, and the poloidal E × B velocity is associated with a toroidal return flow. The other is the fast-varying regime, where poloidal asymmetry leads to plasma compression, so as to induce oscillations in the range ω ∼ ω t , where ω t is the ion transit frequency. This oscillation is called the geodesic acoustic mode (GAM). When an eigenmode in the fast varying regime is constructed, |∂/∂t| ∼ ω t , then the GAM can be observed. The GAM is a perturbation where the m = n = 0 electrostatic potential is linearly coupled (by toroidal effects) to the m = 1, n = 0 sideband density perturbation [8] . Recently a low frequency oscillation was observed at low density before the L-H transition in the ASDEX-U tokamak using Doppler reflectometry, which was attributed to the GAM [9] . Similar pulsing or 'dithering' transitions were also preliminarily inves- etry and beam emission spectroscopy (BES) [10] . The main objective of this work is to present the results of the reciprocating probe measurements of L-H transition in the LHCD H-mode on EAST of the experimental campaign in the autumn of 2010. Section 2 gives a description of the experimental setup. The H-mode access on EAST is presented in section 3. In section 4, some results obtained from fast reciprocating probes (RCPs) are presented. The paper ends with a summary.
Experimental setup
It is the first time that the H-mode has been achieved in the EAST tokamak by a lower hybrid current drive with heating powers limited at about 1 MW in the 2010 autumn compaign. The low heating power allows the direct measurement of the edge parameters and radial electric field inside the separatrix during the L-H transition using an array of specifically designed fast moving probes. In the experiment, two reciprocating Langmuir probes mounted at the outer midplane, toroidally separated by 89
• [11] were used to provide direct measurements of the floating potentials, electron density, electron temperature and radial electric field at the plasma edge, as shown in Fig. 1 . The measurements were conducted using several types of probes as shown in Fig. 2 . The probe in Fig. 2 (a) is arrayed with four tips (measuring floating potentials V f1 to V f4 ) toroidally separated by δp =6 mm and a fifth tip (measuring floating potential V f5 ) in the middle of V f3 and V f4 , radially sticking out by δr = 4 mm. On the top left of the probe there are also two tips (measuring the ion saturation current I s1 and I s2 ) poloidally separated by an insulator sticking out radially. The other two tips, as a double probe, were used to measure the plasma ion saturation current I s and bias voltage V p . The probe in Fig. 2(b) is arrayed with two tips (measuring the floating potentials V f2 and V f3 ) poloidally separated by δp = 8 mm and a third tip (measuring floating potential V f1 ) in the middle of them, radially sticking out by δr = 5 mm [12] . Fig.1 The fast reciprocating probe measurement equipment used in the EAST experiment. Two probes are mounted at the outer midplane, toroidally separated by 89
• , and they can provide direct measurements of floating potentials, ion saturation current, plasma potentials and the radial electric field at the plasma edge (a) The probe is arrayed with four tips (measuring floating potentials V f1 to V f4 ) toroidally separated by δp = 6 mm and a fifth tip (measuring floating potential V f5 ) in the middle of V f3 and V f4 , radially sticking out by δr = 4 mm. On the top of probe there are also two tips (measuring ion
H-mode access on EAST
EAST is a superconducting tokamak with a modern divertor configuration (major radius R 0 = 1.88 m, minor radius a=0.45 m, toroidal magnetic field B T < 3 T, maximum plasma current I p = 1 MA, elongation rate κ = 1.2 ∼ 2). It was designed for a steady state divertor operation with a 1000 s plasma discharge [13] and a 100 s long pulse was already achieved in the 2010 autumn campaign [14] . In this experimental campaign, the first H-mode with type-III edge localized modes (ELMs) was obtained in EAST at a confinement factor of H ITER89−P ∼ 1.7. In total, 490 H-mode shots were obtained in the experiment and stationary H-mode plasmas with LHW reproduced in a wide range of operational parameters: B T = 1.4 ∼ 2 T, I p =0.4∼ 0.8 MA. H-modes were produced with double null and intentionally unbalanced double null (51% of H-mode shots) as well as lower single null divertor configurations. 33% of the L-H transitions occurred when switching the configuration from double null to lower single null. 16% of L-H transitions occurred during the plasma current ramp-up and 4% during ramp-down, while the others occurred during the flat top [14] . Several key points were required to obtain H-modes in this experimental campaign. Firstly, the wall conditioning by lithium coating was used to reduce recycling and to suppress impurities and radiation. Secondly, the outer gap was optimized by Iso-flux control and antenna position adjustment to improve LHW or ICRF power coupling and minimize impurity generation by the plasma-antenna interaction. Thirdly, local gas puffing was used near the LHW launcher to improve
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wave coupling (not routinely applied). With these efforts the average reflection coefficient stayed at less than 10%. Fourthly, the plasma was modulated into a divertor configuration early during I p ramp-up to reduce impurities and radiation. Fifthly, the gas puffing rate during the I p ramp-up was increased to suppress runaway electrons. Lastly, the density was feedback controlled by gas fueling from the high field side or domes, since the fueling efficiency of gas fueling either from the high field side (HFS) or domes is higher than that from low field side (LFS).
The first H-mode plasma was obtained in EAST after 26 g Li evaporation and 17 shots of Li powder dropping. The duration of the first H-mode was less than 100 ms. As shown in Fig. 3 , when the applied LHCD power was marginal to the threshold power, multiple L-H-L transitions were repeated in one shot. H-L back transition mainly occurred due to the increased power loss by radiation and LHW reflection during the ELMfree phase. 
Results
In the experiment, the fast reciprocating probe (RCP) system was used to provide a direct measurement of the parameters at the plasma edge. The probes were put at the same position in two adjacent shots. Fig. 4 shows the measured results of these two adjacent shots, the red line stands for the H-mode discharge with shot number 36291, and the black line for L-mode discharge with shot number 36292. The power loss P loss was comparable during the transition as found in the picture. The D α , T e and n e in the SOL decreased rapidly over the time scale of about 1 ms, and meanwhile, the radial electric field E r turned positive near the last closed flux surface. P loss is defined by Eq. (1) according to
where P OH is the Ohmic power; P LH is the net LHW power; P rad is radiation power; W is the stored energy. Reciprocating Langmuir probe measurements at the outer midplane showed that the n e , T e in the scrape-off layer (SOL) were significantly reduced in the ELM-free phase, as shown in Fig. 5 . In the experiment, some dithering signals were observed before the L-H transition in some discharges. In many discharges, the D α perturbation was similar to the signal depicted in Fig. 6 . Its amplitude was small compared to the ELMs and it was frequently observed just before the L-H transition or sometimes in the L-mode where the plasma line-averaged density was greater than 2 × 10 19 m −3 . The frequency of the small oscillations was around 2.7 kHz. This oscillation was usually observed just prior to a clear L-H transition or at the end of the H-mode just before the plasma returned to the L-mode or Ohmic confinement. In Fig. 7 , the probe, as illustrated in Fig. 2(b) , captures an L-H transition at 3.521 s, with the probe tip measuring the floating potential V f located ∼ 5 mm inside the separatrix and the other two tips still near the separatrix. It is found that the V f signal in Fig. 7(b) has a negative spike correlated with the D α signal in Fig. 7(a) . The E r was calculated as [Φ f1 − (Φ f2 + Φ f3 )/2]/δr and the Reynolds stress was estimated as ṽ rṽp = Ẽ rẼp /B 2 , where E p = (Φ f2 − Φ f3 )/δp and the tilt means the fluctuation components (> 10 kHz). Just prior to the transition the E r oscillations evolved into several intermittent negative spikes, as shown in Fig. 7(c) . These E r spikes exhibited a similar frequency with the quasi-periodic oscillations, indicating the same nature of turbulence regulation by zonal flows. The Reynolds stress signal also had oscillations of the same frequency, as shown in Fig. 7(d) . They were also correlated with small oscillations in the divertor D α emission [15] .
Discussion and summary
In summary, the first H-mode on EAST was successfully obtained with only 1 MW LHW power in the 2010 autumn experimental campaign. The most important conditions for accessing the H-mode on EAST are the extensive Li wall coating by evaporation and the Li powder injection. The reciprocating Langmuir probe measurements at the outer midplane showed that n e and T e in the scrape-off layer (SOL) were significantly reduced in the ELM-free phase. The floating potential (V f ) had a negative spike correlated with the D α perturbation signal, and prior to the transition the E r oscillations evolved into several intermittent negative spikes. In the experiment, dithering signals were observed and the amplitude of dithering signals was small compared to ELMs. The dithering behavior was observed just before the L-H transition or sometimes in the L-mode when the plasma line-averaged density was greater than 2 × 10 19 m −3 .
